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Abstract 
The chemical and structural properties of 
hydrolyzed octacalcium phosphate (OCP) appear to 
be of high relevance to tooth, bone and 
pathological bioapatites . Hydrolysis of 
synthetic well-crystallized OCP was studied at 
constant pH by using the pH stat method over the 
6.1 to 8.6 range at 50 ° C and to a lesser extent 
at 37 ° C. Hydrolytic transformation proceeds 
according to thermodynamic requirements except 
for some retardation at the highest pH value as a 
consequence of decreased solubility of OCP which 
may be rate determining . The product of 
hydrolysis, OCP- hydrolyzate (OCPH), was 
characterized by chemical analysis, scanning 
electron microscopy, x-ray diffraction, electron 
microprobe (x - ray microanalysis, EDX) and 
so lubility measurements under static and dynamic 
conditions. Even after prolonged hydrolysis at 
50°C, the resulting product was a "calcium 
deficient apatite" with chemical composition and 
thermodynamic solubility propertie s differing 
from those of well-crystallized hydroxyapatite. 
Our overall findings provide new evidence that 
OCP may be a precursor phase in the formation of 
pathologic calcified deposits and normal 
biomineral, which appear to be complex 
hydrolyzates of OCP. 
Key words : Octacalcium phosphate, hydrolyzate, 
solubility, transformation, hydroxyapatite . 
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Introduction 
Since the formation of octacalcium 
phosphate, Ca8 H2 (P0 4 ) 6 · 5H2 0 (OCP), appears to be 
an essential precursor in the formation of 
apatite-like biominerals [ 16] , it becomes 
important to know more about the OCP hydrolysis 
process and the nature and structure of the 
products. More needs to be known, also, about 
the kinetic factors that govern the rate of 
hydrolysis and the thermodynamic properties as 
expressed most clearly by solubility . It is 
known qualitatively that, under many circum-
sta nc es, the hydrolysis is an incongruent 
reaction leading to a nonhomogeneou s product that 
is more apatitic than OCP [4]; that hydrolysis is 
accelerated by increased temperature or pH , by F-
ions and by smaller crystal size; and rate of 
hydrolysis is decreased by certain surface-active 
agents such as Mg2 + and P2 0 7
4 - (17] . 
It was our purpose here to study these 
factors in a more quantitative way than 
heretofore, as follows: (a) investigate 
hydrolysis of OCP at various temperatures and pH; 
(b) determine thermodynamic solubilities of 
hydrolyzed octacalcium phosphate (OCPH); and (c) 
generate new physicochemical data regarding the 
OCP-OCPH mechanism for biological mineralization 
[ 16 l . 
Materials and Methods 
Reagent grade chemicals were used in this 
study . Calcium concentrations were determined by 
atomic absorption spectrometric method, and the 
molybdate vanadate spectrophotometric method was 
used for phosphate determination [7]. Freshly 
prepared OCP materials used in thi s study were 
prepared by a minor modification of the method 
reported by LeGeros [ 11], as follows: 250 ml 
0 . 09 mol/L calcium acetate solution adjusted to 
pH= 5.0 by addition of 2 ml concentrated acetic 
acid , and 250 ml of 0 . 08 mol/L sodium dihydrogen 
phosphate, pH= 4.5, were simultaneously added to 
500 ml of water in a water- jacketed vessel at 
80°C . The addition time was 30 minutes, followed 
by rapid filtration, washing three times with 100 
ml cold water, followed by air drying. Filtra-
tion was rapid . The product was characterized by 
chemical analysis, x-ray diffraction, and 
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polarized microscopy , verifying the purity of the 
OCP preparations. Another preparation of OCP 
crystals used in this study was obtained by long-
term hydrolysis of dicalcium phosphate dihydrate, 
CaHP04 -2H2 0 (DCPD) crystals [6]. The first 
procedure yielded a product in which the crystals 
had clean blade-like morphology plus some 
multicrysta lline rosettes (preparation OCP-A). 
The second procedure yie ld ed aggregates of platy 
crystals (preparation OCP-B). 
X-ray powder diffraction patterns were 
recorded with a Philips Automated Powder 
Diffractometer, Model ADP 3600, utilizing CuKa 
radiation. Samples were scanned through a 20 
range from 4-60 °, two degrees/min. The starting 
OCP material and their transformation products 
were exam ined with a Hitachi S-570 Scanning 
Electron Microscope. Samples were placed on a 
carbon stub, carbon coated and scanned (10- 6 
torr, 20 keV, tilting angle 30 °). A KEVEX Super 
8000 EDX system was used for electron mic roprobe 
determination of Ca/P ratios. The starting 
material and some of the hydrolyzates were 
exam ined by Leitz Ortholux polarizing microscope. 
The hydrolysis of OCP was studied by a pH-stat 
method, using a METROHM 632 pH meter, 614 
Impulsomat, 655 Dosimat setup configuration. The 
pH measurements were made with a glass/calomel 
combination e l ectrode, which was standardized 
with NBS standard buffers. A preweighed amount 
of OCP crystals was suspended in 1 ml of water, 
sonicated for 30 sec, and introduced into a 
water-jacketed reaction vessel containing an 
adequate volume of water to provide the desired 
solid/solution ratio. The hydrolytic transfor-
mation of OCP was monitored by uptake of 0.01 M 
KOH solution, maintaining the de sired constant pH 
value. Most of the hydrolysi s measurements were 
performed at 50 °C; this temperature was selected 
to insure maximum completion of the proce ss at 
reasonable reaction times. Water -satu rated 
nitrogen was passed through the system to prevent 
carbonate contamination. Samples were withdr awn 
at various reaction times and filtered through 
0. 22 µm Millipore membranes. Sample s of 
suspension were taken while the suspension was 
being stirred so that the solid/solution ratio 
remained essentially co n stant. The filtrate was 
analyzed for Ca and P, as described above. 
Solids were air dried to be characterized by SEM, 
XRD and chemical analyses. The solution Ca and 
P04 concentrations and pH were used to calculate 
ionic speciation and ionic activity products 
(IAPs) for OCP and hydroxyapatite (HAP, 
Ca5 (P0 4 ) 30H) defined as: 
IAP(OCP) = (Ca 2 +) 4 (H+)(P0 4
3-) 3 
IAP(HAp) = (Ca 2 +) 5 (P04 3-) 3 (oH-) 
and pIAP = -logIAP. These relationships were 
used to determine the value of the solubility 
product constant of OCP, K
5
P(OCP). The thermo-
dynamic driving force for the OCP➔HAp transfor-
mation, -6G(HAp), is defined as -t,G = RT l'n 
IAP(HAp)/Ksp (HAp), where Ksp (HAp) is the 
solubility product constant for hydroxyapatite 
[12]. The concentrations of ionic species were 
calcu lated by using a program which takes into 
account the formation of calcium-phosphate ion 
pairs in the aqueous phase [8]. The dissociation 
and association constants pe rtaining to the 
equilibration model were taken from literature 
values for temperatures up to 37°C [8]; the 
values for 50 °C presented in Table 1 were 
obtained by extrapolation of those available at 
the lower temperatures. The solubility data for 
OCP and OCPH were obtained by equilibration of 
these materials with diluted solutions of 
phosphoric acid (10 - 4 -10 - 2 M range). The solid/ 
so lution ratio in these exp erime nts was 2 g/L or 
5 g/L. The data obtained wer e used to calculate 
pK
5
P(OCP) and pIAP(OCP) values. The calculated 
ion activities were used to develop chemical 
potential plots, p(H + ) 3 (P0 4
3- ) vs . p(ca z+)( OW) 2 
(5) to characterize the solutions in equilibrium 
with suspensions of OCP or OCPH. Our recent data 
show the simi l arity of the so lubility of cardio-
vascular calcified deposits to the solubility of 
OCP. This is a part of the basis of propo sing 
OCP to be a precursor in the formation of 
biomineral (16]. To support this proposal, 
similar measurements were made on samples of 
mineral obtained from atherosclerotic plaque 
deposit (16] to be compared with the solubility 
of OCP and OCPH. 
Results 
SEM characterization of the hydrolysis product of 
OCP. 
The hydrolytic transformation of OCP 
crysta ls (preparation A) is illustrated in Fig . 1 
a-f. Fig. 1 a and b shows the OCP and OCPH 
crysta l s, respectively, at low magnification for 
TABLE 1 
Equilibrium Data : Constants at 50°C 
Reaction 
H3 P0 4 ., H+ + H2 P0 4 -
H
2
P0 4 ., H+ + HP0 4
2 -




0 ., H+ + OH-
Ca5(P04)3QH5 01id-' 5Ca 2 + + 3P0 4 3 - + OH-
Ca z + + Hz P0 4 - CaH 2 P0 4 + 
Ca 2 + + HP04 2 - -' CaHP04 
Ca z+ + P0 4
3 - ., CaP0 4 -
Ca 2 + + OH- CaOH+ 
aExtrapo lat ed value. b Value at 25 °C. 
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K 
5.27 X 10 - 3 
6 . 55 X 10- B 
1.07 X 10 -lZa 
5.48 X 10 - 14 
1.68 X 10-S Sa 
4.62a 
6 6 4. a 
2.9 X 10 6 b 
20 .b 
Ref. 
[ 2 J 
[ 1 J 
[ 3 J 
[ 9 J 
[ 12 J 
[ 8 J 
[ e J 
[ 1 s J 
[ 14 J 
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Fig. 1. Scanning electron micrographs of 
octacalciu.m phosphate crystals (a and c), 
preparation A and hydrolytic products formed at 
pH 7.40, T = so•c after 17 h (d), 40 h (e) and 
64 h (band f). 
a general representation of the average morpho-
logical characteristics of particles. The 
product which was produced following 68 h 
transformation at 50°c, at pH = 7.50, shows a 
very wide distribution of particle sizes, with 
particle sizes generally significantly smaller 
than for the starting material. Figs . 1 c-f show 
surface details during the progression of the 
process at the start and after 17, 40 and 64 h. 
These micrographs indicate surface growth of 
small platelet crystals, which at a later stage 
form rosette aggregates. These small crystals 
are probably HAp. A careful look at the large 
crystal in Figs. 1 e and f reveals a very 
dramatic change appearing at the edges (1 e) and 
on the surfaces (1 f) of large crystals. The 
cleaving and surface roughening of crystals are 
very convincing and well documented. We tried to 
characterize the hydrolyzates by the determi-
nation of the Ca/P ratio using an EDX electron 
microprobe system. Unfortunately, the re s ults 
were inconclusive and did not provide the 
expected information on the presumed subtle Ca/P 
heterogeneity. The ratios were generally lower 
than the Ca/P value obtained from chemical 
analysis of the bulk product, and these lower 
values must be attributed to several factors 
(e .g. , sample geometry) that prevented accurate 
quantification of the observed x-ray signals. 
Optical microscopy observations. 
The OCP crystals prior to the start of 
hydrolysis show medium birefringence and optical 
properties characteristic of pure OCP crystals 
[ 4) . During hydrolysis , the birefringence 
gradually decreases, and the final hydrolyzates 
are essentially isotropic. 
X-ray diffraction characterization of 
hydrolyzates. 
The transformation of OCP was studied by x-
ray diffraction, and our data support experi-
mental findings of the formation of an apatitic 
phase following prolonged hydrolysis. Fig. 2 
shows the x-ray diffraction spect ra of OCP and 
hydrolyzates formed after 24 h of pH-stated 
hydrolysis at SO'C at pH 6.10, 7.40 and 8.60. 
The presence of OCP is indicated by the strong 
100 reflection at 4. 75° (20). This reflection 
has completely disappeared in the hydrolyzate 
obtai ned at pH= 7.40. The other features of the 
pattern are clearly apatitic. However, this 
product is not hydroxyapatite since the bulk Ca/P 
ratio of this material is only 1.51 rather than 
the value of 1.67 for stoichiometric HAp. The pH 
= 8 . 60 hydrolyzate shows the minor presence of 
OCP indicated by a residual 100 reflection. 
Apparently the transformation was more complete 
at the pH= 7.40. 
Dissolution and hydrolysis of OCP. 
The solubilities of OCP crystals, prepara-
tions A and B, in dilute solutions of phosphoric 
acid at 37° and 50°G were measured. The analyt-
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Fig. 2. X-ray diffraction spectra of octacalcium 
phosphate crystals and hydrolyzates formed at 
stated pH values, T = 50°G. Spectrum of well -
crystallized HAp added for comparison. 
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Fig. 3. Hydrolysis of octacalcium phosphate, 
preparation B: 2 g/L, pH = 7 .40, T = 37°C, 
titrant 0.18 M KOH. 
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invariability of values, pK
5 
P (OCP) = 48 . 7 5, 
s.d. = 0.07 (6 data points), and 49.49, s. d . = 
0.13 (30 data points) at 37 and 50 °C, 
respectively, (preparation A). The pK5 P( OCP) 
value for preparation B determined at 50 °C was 
49.56, s,d. 0.23 (12 data points). These 
values are in good agreement with solubility 
products determined at 37 °C: pK
5
P(OCP) = 48 . 7, 
s.d.= 0.2 [18]; and 45°C: pK5 P(OCP) = 49.3 ± 0.3 
[10] , 
A typical rate of OCP hydrolysis at T = 
37°C, pH = 7 .40, as measured by the volume of 
0, 18 M KOH consumed as a function of time, is 
shown in Fig . 3. 
The general characteristics of OCP 
hydrolysis performed at constant pH are 
illustrated in Fig. 4 . The hydrolysis was 
performed at 50°C, Fig 4 shows that the 
progression of the hydrolysis is marked by a 
substantial decrease of Ca/P ratio i n solution. 
At 30 min the ratio was 0 . 61 (soln. Ca= 9.88 x 
10 · 5 , soln. P = 1.62 x 10 · 4 , mol/L), at 10 hit 
was 0.2 (soln. Ca= 6.18 x 10 · 5 , soln . P = 3.95 x 
10 · 4 , mol/L), and at 26 h the Ca/P so lution ratio 
was reduced to O. 02 (soln. Ca = 1. 93 x 10 · 5 , 
soln . P = 6.93 x 10 · 4 , mol/L). This incongruency 
is the consequence of hydrolytic transformation 
in which phosphate is relea sed. Additionally, 
any Ca in the solution tends to be incorporated 
into the solid. Both processe s increase the Ca/P 
ratio of the solid product . 
After 26 h, the reaction appeared complete, 
and the final Ca/Pin the solid product was 1.51. 
The calculated pIAP(OCP) and pIAP(HAp) values 
obtained from the solution data were constant 
during the period 0.5 to 10 h. The average 
pIAP(OCP) value at 50 ° G is 49.55 which is 
practically identical to pK
5
P (OCP) = 49. 49, as 
mentioned above. The pIAP(HAP) also remains 
quite constant, average value equals 52. 28 for 
the first 10 h. As shown in Table 2, the 
remarkable constancy of pIAP(OCP ) = 49.47, s.d. = 
0.15 was valid for the entire pH range 6.1 to 8.6 
used in the present investigation of hydroly sis 
of OCP under constant pH , The same analytical 
data were used to calculate the pIAP(HAp) values. 
As shown in Table 2 and Fig , 5, the value of 
pIAP(HAp) varied from 53.57 to 50.59 which when 
compared with the value of K
5
P(HAp) reveals that 
the solutions were highly supersaturated with 
respect to HAp (pK
5
P(HAp) "' 58.5) and close to 
saturation with respect to OCP. The calculated 
-6 G values listed in Table 2 and shown in Fig. 5 
reveal that the driving force for transformation 
increases from 31.11 to 49.53 kJ mo1· 1 with pH 
values ranging from 6 .1 - 8. 6, suggesting more 
efficient transformation at higher pH value. 
Comparable pIAP data were obtained under non-
stirred, variable pH conditions. The pIAP(OCP) 
value recorded throughout five days of equilibra-
tion at 50°C was 49.86, s . d . = 0.15, and the pH 
value decreased from 6.36 to 5.89. 
The last two columns in Table 2 list 
calculated values of pIAP(OCP) and pIAP(HAp) of 
OCPH formed at the end of the reported hydrolytic 
process at given reaction times. Both sets of 
pIAP values increased, pIAP(OCP) became up to 2 
units higher than the average value recorded 
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Fig. 4. Hydrolysis of octacalcium phosphate 
crystals, preparation A: 1 g/L, pH = 7 . 40, 
T = 50°C. pIAP, Ca/P (soln) [in solution, inner 
right-hand scale], and Ca/P (pr.) [in solid, 
outer right-hand scale] values characterizing the 
hydrolytic process up to 26 hare provided. 
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Fig . 5. Hydrolysis of octacalcium phosphate 
crys tals , preparation A: 1 g/L, T = 50 °G. pH 
effect: average pIAP(0CP) , pIAP(HAp) and - tiG 
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Fig. 6. Chemical potential plots of p(H+) 3 (P0 4 3 - ) 
vs. p(Ca 2 +)(0H " ) 2 of OCP, OCPH (obtained after 64 
h of hydrolysis of OCP, preparation A at 50°G), 
aortic deposit (ref. [16]), HAp (ref. [12]) and 
DCPD (ref. [8]) isotherms, 37°G. 
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TABLE 2 
Hydrolytic Transformation of OCP at so·c. Thermodynamic Characterization. 
- 6G 
2H n 2IAP(HA2)* s.d. (kJ mol - 1 2 2IAP (OCP)>'< s.d. 2IAP(OCP)** 2IAP(HA2)** T 
6.10 5 53.569 0.101 31 .11 49.36 0 .19 49.34 53.60 24 
6 .liO 4 53.263 0 .111 32.817 49.40 0 .11 49.71 53.19 22 
7 .40 6 52.278 0.100 39.093 49.55 0.08 51.03 54.39 26 
8.00 4 51. 611 0 .103 43.244 49.69 0.09 51.20 53. 77 23 
8.60 4 50 . 590 0.185 49.5 3 1 49.57 0.32 51.63 53.40 20 
n = nu mber of experimental points recorded over 10 h of the transformation process 
-6 G (HAp) 
pIAP(OCP) 
RT i n IAP(HAp)/K
5
P (HAp) 
49.475, n = 23, s.d. = 0.148 
*pIAP values recorded over 10 h 
>'<>',final pIAP values recorded at time (T), h . 
end of the experiment, the system was under -
saturated with respect to OCP. However, t he 
pIAP(HAp) shows high supersaturation with respect 
to HAP with the average residual - 6 G(HAp) 
29.89 kJ mo1- 1 . 
A graphic repre s entation of OCP and OCPH 
solubility data is shown in the che mical 
poten t ial plot of p(H + ) 3 (P0 4
3 - ) vs. p(Ca 2 + )(0H - ) 2 
(Fig. 6) . The OCPH isotherm s hifted away f r om 
the OCP isotherm toward the HAp i s other m in 
accordance with the fact that OCPH is l e ss 
soluble than OCP but markedly more soluble than 
HAp. Incidentally, the solubility isotherm of 
atherosclerotic calcified deposit falls very 
close to the OCPH isotherm, supporting our 
contention that pathologic calcification proceeds 
through the hydrolysis of an OCP precursor [1 6]. 
Discussion 
When OCP crystals are introduced into a 
water medium, the following three processes may 
occur: 
1. Crystals dissolve, the solution approaches 
saturation, and the pH increases . As an example, 
at pH= 7.5, T = 37 ' C, the dissolution of OCP can 
be approximated by equation (1): 
Ca8 H2 (P0 4 ) 6 ·5H 2 0 + H2 0 
= 8Ca+ + + 4HP0 4= + 2H2 P0 4 - + 60H- (1) 
2 . As OCP in the solid dissolves in accord with 
equation (1), the solution becomes supersaturated 
with respect to HAp; this may be followed by 
precipitation of HAp according to equation (2): 
Bea ++ + 4HP04= + 2HzP04- + 60H-
➔ 8/5Ca 5 (P0 4 ) 3 0H + 1 .2 H3 P0 4 + 4.4 H2 0 (2) 
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These crystals were predominantly formed on the 
surfaces of the OCP crystals of the s tarting 
material as can be seen in Fig s . lb, d, e, and f. 
The surfaces of the OCP crystals in the starting 
material (Figs. la and c) are free of the small 
crystals and rosette aggregate s pre s ent on the 
OCP crystals shown in Figs. lb, e , and f. 
Equations (1) and (2) represent competing 
reactions, and when reaction (1) is more rapid 
than reaction (2), the solution will be in quasi-
equilibrium with OCP, and one would expect that 
pIAP(OCP) would be approximately equal to 
pK
5
P (OCP) . When the rate of reaction represented 
by equation (2) approaches or exceeds that of 
equation (1), the pIAP(OCP) may become greater 
than pK
5
P (OCP), making the solution und e r-
saturated with respect to OCP. 
When reactions (1) and (2) proceed for a 
long period of time, their rates approach zero 
(Fig. 3). However, the Ca/P ratio of the solid 
determined by chemical analysis, does not reach 
the value for HAp, 1. 67. Instead, it generally 
has a value of about 1. 5. We refer to these 
nonstoichiometric products as OCP-hydrolyzate, 
OCPH, which may comprise a continuum of 
structures ranging from OCP to HAp. 
3 . An alternative explanation is that the 
hydrolysis is not a surface process, but instead 
it is a solid state transformation process taking 
place within the crystals themselves: 
Ca8 H2 (P0 4 ) 6 ·5H 2 0 ➔ 8/5Ca 5 (P0 4 ) 3 0H 
+ 1.2 H3 P0 4 + 4.4 H2 0 (3) 
Since the exact nature of the hydrolysis product 
in equation (3) is not known, the HAp is used as 
an idealized example. Actually, being a solid-
state transformation, it is likely to be a 
heterogeneous transition product, comprising OCP, 
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HAp and intermediates with multiple lattice 
defects (4) . Both processes (2) and (3) are 
manifested by release of phosphate ions and 
protons, which was experimentally verified in the 
present study. In biological systems, which 
contain HAp crystal-growth poisons, the extent of 
equation (2) may be minimal compared to the 
solid-state transformation represented by 
equation (3). 
Our polarizing microscopy observations 
showed that the optical properties of starting 
OCP crystals had altered considerably ; the 
birefringence was lost. This would favor the 
solid state hypothesis over the dissolution/ 
reprecipitation processes because partial 
dissolution of OCP crystals should not reduce 
birefringence significantly, whereas a solid-
state transformation would be expected to disrupt 
the structure with an accompanying loss of 
birefringence. 
A remarkable 
study is that 
pIAP(OCP) values 
differing greatly 
so similar to 
product of OCP. 
feature in the results of this 
the apparent pK
5 
P (OCP) and 
of OCP hydrolyzate materials, 
in their Ca/P solid ratios, are 
the thermodynamic solubility 
These results indicate that: 1 . The 
"crystals" formed by hydrolysis of OCP comprise 
several mixed phases of variable composition, one 
of which is residual OCP. 2 . The other phase(s) 
must be more insoluble than OCP because it/they 
form by hydrolysis spontaneously . 3 . Since the 
solutions remain approximately saturated with 
respect to OCP, the inherent rate of dissolution 
of OCP is probably much greater than the rate(s) 
of formation of other phase(s). 4. Thus the 
other phase(s) have minimal influence on the 
apparent solubility of the product. The 
dissolution/reprecipitation transformation 
hypothesis (eqs. (1) and (2)) requires that the 
dissolving OCP crystals are not covered by an 
impervious coating of HAp crystals . Under the 
solid-state transformation hypothesi s (eq. (3)), 
it would be required that this state of affairs 
exists because the transforming "crystals" could 
have an "open" structure so that the ions 
released by transformation of OCP could diffuse 
easily to the outside . The channels in the 
hydrated layers of OCP, or fissures, produced by 
incomplete contraction of the structure during 
hydrolysis could provide such channels . Nelson 
and McLean (13) provided "direct physical 
evidence that the calcium-deficient apatites, 
when formed from the hydrolysis of OCP, have 
crystals with interlayered epitaxial structures." 
This finding supports the solid -s tate transfor-
mation hypothesis . 
We propose that the hydrolytic transfor-
mation of OCP in an aqueous medium is a combined 
process involving surface nucleation and growth 
of an apatitic phase and the solid-state trans-
formation during which HPo4 • species diffuse out 
of the crystals into solution . XRD data (Fig . 2) 
indicate that hydrolytic transformation slows 
down somewhat at high pH values, which is in 
apparent contradiction with - 6G values listed in 
Table 2. This experimental finding can be 
explained as follows : After 20 h of transfor-
mation, the Ca/P ratio in solution and the total 
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solution calciW11 are very low; at pH= 7 . 40, TCa 
- 24 µmol/L and Ca/P = 0 . 03 and at pH 8 . 60 TCa = 
4 µmol/L and Ca/P - 0 . 007. This means that the 
available calcium is six times higher at lower pH 
value. In spite of the fact that - 6G at pH= 
8.60 (49 . 51 kJ mol- 1 ) is significantly higher 
than at pH - 7 . 40 (39 . 09 kJ mol - 1 ), the total 
available calcium, which is determined by rate of 
dissolution of hydrolyzate , is lower at pH = 
8 . 60, and therefore transformation is more 
efficient at pH= 7.40. Transformation may also 
be retarded at the higher pH by formation of a 
dense layer of apatitic crystals on OCP surfaces . 
In this way, the rate of dissolution becomes a 
rate-determining step for the transformation 
process. 
Conclusions 
The present data provide evidence for both 
proposed hydrolytic transformation mechanisms . 
The solubility and SEM data provide more support 
to the dissolution/reprecipitation mechanism, 
while polarizing microscopy and x - ray diffraction 
information support the solid-state 
transformation hypothesis . One may conjecture 
that in the transformation in biol ogic al systems, 
which contain HAp crystal growth poison s, the 
solid-state transformation would dominate , 
resulting in typical so-called "Ca - deficient 
apatitic" products. An important finding of the 
present study is that the solubility properties 
of OCPH with high Ca/P ratios still have 
solubility properties that mimi c those of pure 
OCP. It is of interest that solubility 
properties of the mineral phase from athero-
sclerotic plaque are also similar to those of OCP 
and OCPH (Fig . 6) . 
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Discussion with Reviewers 
S . R. Khan: You have mentioned that solid state 
transformation hypothesis is favored over 
di s solution/reprecipitation hypothesis because 
OCP cr y stals lost their birefringence dur i ng 
hydrolysis. Is it not possible that the gradual 
l oss of birefringence represented a gradual 
dissolution of OCP? 






theory at least , the partial 
crystals would not affect their 
On the other hand , a solid state 
taking place within crystals would 
structure, making them le s s 
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G. & N. Mandel ~ What happens to this conversion 
if it is conducted in solutions having constant 
physiological levels of Ca and phosphate? 
Authors: Without carrying out such an 
experiment, we prefer not to speculate. 
Reviewer III : What is the basis of the statement 
that the driving force for OCP-HAp transformation 
is RT £n (IAP(HAp))/K
5
P(HAp ), which is 
proportional to the degree of supersaturation of 
the solution with respect to HAp? How is this 
driving forc e related to the formati on of OCPH? 
Authors: Following dissolution equilibration of 
OCP or OCPH, the calculated pIAP(HAp) values are 
greater than pK0 P(OHAp) . Therefore, the 
equilibrated solution , in either case, is 
supersaturated to HAp, and the thermodynamic 
driving force for formation of HAP can be given 
by the expression for - llG(HAp) , since reference 
point , HAp, is the only thermodynamically stable 
compound under given experimental conditions. 
OCPH can be represented as a metastable 
intermediary ; therefore the driving force-
llG(HAp) cannot be directly related to the 
formation of OCPH. When one plots solubility 
data for OCP and OCPH in a chemical potential 
di agram, one finds that OCP is metastable with 
respect to OCPH and HAp. It is most revealing to · 
use a chemical potential diagram for this 
purpose , because the two solids, OCP and OCPH, 
have different compositions . 
Reviewer III: How long were the equilibrations 
and what criteria were used to confirm that 
equilibrium had been reached? Was it confirmed 
that OCP was not transformed to OCPH during these 
equilibrations? How was the OCPH used in the 
solubility measurements prepared? Do you obtain 
the same results using OCPH prepared at high pH 
(these cr y stals presumabl y covered with dense 
layers of HAp)? 
Authors : The OCP equilibrations were performed 
through 1 h and 40 h , followed by 2 h 
reequilibration . Providing that solid/solution 
ratio is high (5 g/L in present study) 
equilibrium is attained, and resulting pIAP(OCP) 
values obtained were constant within experimental 
error . OCP did not transform during 
equilibrations which took place in 5-6 pH range , 
as confirmed by llCa/ llP solution ratios, averaging 
1.3. The solid proof of hydrolysis by this 
criteria is a decrease of llCa/ llP ratios , which 
were recorded during pH - stated hydrolysis at 
higher pH values. The 37 °C solubility data for 
OCPH, prepared by pH-stated hydrolysis (pH 
7 . 50, 68 hat S0 °C) is shown in Fig. 6 . Table 1 
answers the last question . 
Reviewer III : What general differences , if any, 
were observed for OCP- a and OCP- b? 
Authors: The initial rate of dissolution/ 
transformation for OCP-a is slower, perhaps due 
to larger crystal size , which is in accordance 
with morphological observations . 
KKCHANISK OF HYDROLYSIS OF OC'IACALCIUK PHOSPHATE 
Reviewer III : The authors should explicitl y 
state what evidence supports their conclusion 
that the Ca/P ratio of 1 . 51 is a result of the 
formation of "a heterogeneous mixture of two or 
more chemically different phases . " 
Authors: The answer to this question comes from 
structural considerations which reveal that in 
order for OCP to transform to HAp, a number of 
difficult proc es ses must take place . These 
include loss of H2 O and H+ and uptake of calcium 
into the structure . Even more difficult 
processes ar e the shrinkage of apatite la y ers in 
.!!. direction and their translation along .Q 
di r ection [4] . The solubility data given here, 
including variation in slopes of lines in 
chemical potential diagrams , are in conformity 
with heterogeneity hypothesis , supported by SEM 
information . 
Reviewer III : Of what value are solubility 
measurements if they cannot distinguish between 
materials made up of very different mineral 
phases (in a previous publication it was shown 
that atherosclerotic deposits had a Ca/P of 
1 . 73)? Are the noted similarities a result of 
kinetic factors , as stated at the end of the 
Discussion section? 
Authors: The solubility measurem en ts are v ery 
important, because a subtle diff e rence in pIAP 
values , which do increase a s hy dr o l y tic 
transformation p r oceeds , indicat e th e progressi on 
of process . Certainly , i t is not a s imple 
idealiz e d monocomponent system, and we discu ss 
the result of this experimental finding as a 
possible consequence of kine t ic fact or s . 
Reviewer III : Since min eral phas e s in 
atherosclerotic plaque have been shown to be 
he terogeneous in nature and contain relativ e ly 
large amounts of carbonate , it is not appropriate 
t o compare the solubility of thi s deposit with 
that of pure calcium phosphates on the pot ential 
plot used in this paper . In addition , it app ear s 
that pCO2 was not controlled during the 
equilibrations . Thus , solubility prope r tie s of 
the atherosclerotic deposits cann o t be direc t ly 
compared wi th those of OCP and OCPH, as done in 
fi gure 6 . 
127 
Authors : In theory, the reviewer has a point 
since we are comparing solubility of three and 
four component systems . However, we practically 
eliminated the fourth component (CO2 ) by bubbling 
with N2 gas . In this case, we were able to 
obtain a large range of Ca(OH) 2 and H3 PO4 
chemical potentials, and results show comparable 
solubilities of OCP, OCPH and atherosclerotic 
deposit , which is significantly more soluble than 
HAp and less soluble than DCPD. Essentially, 
comparable solubility data were obtained when 
these materials were equilibrated under constant 
CO2 which significantly narrowed the range of 
chemical potentials . This comprises a system of 
four components and therefore we feel that the 
reported comparison is justified . 
S. Deganello : Why was a positive identification 
for the material assumed to be HAp not reached? 
It would seem that such an identification is 
within the possibilities of even a Gandolfi 
camera . A positive finding would considerably 
strengthen the paper . 
Authors: X-ray diffraction in format i on does no t 
rule out HAp as a product . Howeve r , so lubility 
da ta , index of refraction and Ca/ P composi tion 
di sp ro ve that product o f OCP hyd r o l y si s is pure 
HAp. 
S. Deganello: Would it not be be st, in c on s id -
eration of th e importanc e of th e conclu s ions 
attached to the x - ray result s to run the 
diffractograms at a much low er speed or, 
alternatively - to take the diff r action patterns 
us ing a Guinier - camera? 
Authors : Th is work is in pr og r ess an d will b e 
report e d later . 
S. Deganello : Would it n o t b e pa r t i cul a rl y 
useful with regard t o th e di ss olution -
re crystallization , solid sta te tr an s f or ma tion 
theories if one carried out sh or t and l ong - range 
order s tudies o f the spe c imen s ? 
Authors: This has been done to s ome ext ent by 
Brown et al. at boiling temperature [4] . The 
product became more like an ideal HAp. Thi s 
r emains a good question whic h is being 
extensively investigated . 

